In this study, finite element analysis was used to investigate the fatigue behavior of eight different hip stems. All of the prostheses investigated in the analysis are already being used in Turkish orthopaedic surgery. All stems were compared with each other in terms of fatigue, deformation and safety factors. Primary analysis was applied on three of the stems, which were tested experimentally. It was observed that the simulation and the experimental results are in good agreement with each other. After determining the reliability of the numerical method, the analysis was applied on all other stems. To obtain a more realistic simulation, boundary conditions were applied according to standards specified in the ISO 7206-4 standard. Three different types of materials were selected during analysis. These materials were Ti6Al-4V, cobalt chrome alloy and 316L. Minimum fatigue cycles, critical fatigue areas, stresses and safety factor values have been identified. The results obtained from the finite element analysis showed that all stems were safe enough in terms of fatigue life. As a result of fatigue analysis, all stems have been found to be successful, but some of them were found to be better than the others in terms of safety factor. The current study has also demonstrated that analysing hip stems with the finite element method (FEM) can be applied with confidence to support standard fatigue testing and used as an alternative. Further studies can expand the simulations to the clinical relevance due to complex physical relevance.
INTRODUCTION
A degenerated organ in the human body can be replaced by the surgical implantation of replacement components called biological parts. Hip stems are the replacement parts that are successfully applied to the patients affected by hip disorders and fractures. John Charnley is known as the inventor of artificial hip prosthesis with low friction [1] . Total hip arthroplasticity (THA) is applied in a large number worldwide for the treatment of osteoarthritis in hip joints [2] [3] [4] . Despite THA surgeries being successful in recent years, 10% of them still fail within 9 -10 years. These failures are caused by many reasons. The most important reasons are dislocations of the ball in the liner or bone cement not cohering to the hip stem [5] . The other factors are conflicts in physical properties of the implant and the body, biocompatibility, deterioration, design failure and surgical procedures. If the shape of a stem leads to high stresses in fixation areas, fracture in the short term or fatigue failure in the long term is quite likely to occur. Several researchers have investigated the stress and fatigue behavior of implants under static body load conditions.
The forces applied to the prosthesis during human activity generate dynamic stresses varying in time and may result in fatigue failure of an implant. Therefore, it is important to ensure that hip prostheses withstand against fatigue failure. Fatigue testing of total hip joints must be implemented as a part of the design approval of prostheses. In order to ensure this, the stems should be tested according to international testing standards [6] in which hip stems should survive a minimum cycle of 5 million.
Testing of prosthesis experimentally requires a long time and high costs. To obtain an optimal prosthesis without excessive time and costs, numerical testing could be used as a powerful tool. In general, the finite element method (FEM) is used in the analysis of biomedical components. In recent years, the FEM combined with mechanical testing of orthopaedic implants is be ginning to be accepted by the Food and Drug Administration during submission for pre-market approval [7] .
In the literature, finite element analysis was used to simulate fatigue damage of implants under static body weight and dynamic walking load [8] . The results of finite element analysis have been compared to the material fatigue strength [9, 10] . Stress distribution and design optimisation on a conical stem of hip prosthesis were determined using Ti6A4V and UHMWPE material [11] . Fatigue tests of hip models with different activities, such as sit-to-stand movements and upstairs, downstairs and climbing were conducted [12] . A three-dimensional stress analysis was performed to determine stress distribution in the cement mantle cross-section of the hip replacements [13] .
The performance of a hip stem depends on many parameters including material type, stem length, cross section shape, neck length, neck angle, ball diameter and cement use. In this study, finite element analysis according to the ISO 7206-4 test procedure [6] was implemented to analyse eight hip stems already in use in terms of fatigue life, stem stress and displacement.
The analysis on eight stems was implemented by using the ANSYS Workbench package. The force applied on the ball ranges from 300 -2300 N as defined in the ISO 7206-4 test standard. Fatigue analysis was primarily carried out on some stems that are tested experimenttally. The results of experimental tests and finite element analyses were compared. According to the comparison of the results, the values obtained in the FEM and the tests agree with each other in terms of fatigue cycle and deflection. After determining the reliability of the method, the new analyses were performed for the other hip stems to determine the stem that may have the highest fatigue life. The type of material used in stems is also an effective fatigue parameter. The most commonly used materials in implants are metals, polyethylene polymers, ceramics and composites [14] . In this study, three kinds of materials were used in simulation to determine the fatigue life change related to material variations. Ti6Al4V, Cobalt Chrome Molybdenum (Co-Cr-Mo) alloy and 316L were used in analysis to determine the fatigue behavior of the stems.
MATERIALS AND METHODS

Hip Stem Models
All hip stem models investigated in this study are shown in Figure 1 . The eight models made of different materials (Ti6Al4V, Co-Cr-Mo and 316L) were analysed numerically. It is well known that shapes with smooth surfaces reduce stress concentration and increase fatigue life. As such, the investigated stems were considered to have smooth surfaces. The most important factor for determining the fatigue life of a stem is the stress distribution. Another factor that is the type of material the stem has been produced from has the potential to affect the stem loosening and fracture. The cylinder in the model applies the load to the ball in a vertical direction, stem and spherical ball and bone cement for a realistic analysis.
Experimental Test Method
The three stems were tested according to the ISO 7206-4 fatigue test standard. These tests determine the endurance properties of femoral components and simulate the dynamic loading of hip stems. The orientation of specimen in experimental study is shown in Figure 2 .
The steps of the fatigue test can be listed as: determining the parameters according to Table 1 , supporting the test specimen in the position until the embedding has sufficient hardness to support the specimen unaided, mounting of the stem on to the test machine, adjusting the load levels so that the cross head can apply required load to the test specimen, applying the force to the stem by testing machine and obtaining the results. The parameters related to the placement of the stem in the text setup according to the test standard are shown in Table 2 . Figure 2 . Orientation of specimen in experimental study [7] . 
Finite Element Analysis
The FEM was used to compute the fatigue life, stress distribution and critical location of the stems. The material properties, loading history and geometry of the stems were input data to the analysis (Figure 3) . In this study, stems numbered from 1 to 8 were analysed by using the FEM according to the ISO 7206-4 test conditions. The stems were embedded in cement at a specific angle as shown in Table 1 in frontal plane. Ball, stem, cylinder and cement were meshed using a higher order three dimensional solid element (SOLID 187) which is suitable for modeling the complex geometry. Contact and sliding between ball-stem, stem-cement and ball-cylinder interfaces modeled with contact (CONTA 174 and TARGE 170) elements. The contact elements themselves overlay the solid elements describing the boundary of a deformable body and that are in contact with the target surface. The average number of elements of the total models consisting of stem, ball, bone cement and loading part is 15296 as shown in Table 3 .
The average number of elements of the total models consisting of stem, ball, bone cement and loading part is 15296 as shown in Table 3 . The area of the stem around cement and the ball modeled with a fine mesh with the average of 2640 elements. Contact elements were used between the stems and cement. The load was applied in two steps. First a vertical force was increased from 0 to the maximum force of 2300 N acting at the centre of the cylinder (Figure 4) . In the second step the load was decreased to the 300 N and stem was allowed to deflect backward to the original position. The cylindrical surface and the bottom of the bone cement were fixed in all directions. Three different materials were used in the finite element analysis. The alternating stress versus number of cycle graphs were used to determine the stress range, minimum and maximum stresses, displacement and fatigue life were investtigated on stems. The material of ball and the upper cylindrical part was selected stainless steel while the stems had three different materials ( Table 4) .
The alternating stress versus the number of cycle diagrams used in the fatigue analysis were obtained from literature and are shown in Figures 5 and 6 . 
Fatigue Analysis
The finite element method was used to evaluate all of the stems in terms of the fatigue life safety factor. Fatigue lives of stems were calculated based on the Goodman mean-stress fatigue theory. Mean and alternating stresses in the Goodman fatigue life theory are defined as: 
RESULTS AND DISCUSSIONS
All stems were analysed with the FEM by applying load and boundary condition defined in ISO 7206-4 standard.
First, three specimens (MPP-6, MPP-8 and MPP Plus) were tested experimentally. Experimental and numerical fatigue life behaviours of MPP Plus and the stem for different loadings are given in Table 5 . The average of difference between numerical and experimental results was found to be 13%. Both experimental and numerical results of the stem MPP-6 fatigue for different loading, embedding level and applied cycle are given in Table 6 . No damage was seen when the stem was embedded 60.5 mm in the cement, with the load range of 300 -1700 N after five million cycles. Cycle-deflection graph is given in Figure 7 for the loading range of 300 -1700 N for the stem MPP-6 made of Co-Cr-Mo. It can be seen that both numerical and experimental results obtained from tests agree with each other.
Cycle-deflection graph is given in Figure 7 for the loading range of 300-1700 N for the stem MPP-6 made of Co-Cr-Mo. It can be seen that both numerical and experimental results obtained from tests agree with each other. In the same way, a cycle-deflection graph is seen in Figure 8 for the loading range of 300 -2800 N for the stem MPP-8. The deflection varies from 0.09 to 0.75 mm as seen in Figure 8 .
All stems having different cross sectional geometries were subjected to a force ranged from 300 to 2300 N. The force was applied to the upper cylinder to get a distributed force on the femoral head (Figure 4) . It was observed in Figures 7 and 8 that the numerical and the experimental results are comparable to each other. The two stems that had the highest stresses were MPP Plus and MPP Plus with collar. DDC 13-2 had the lowest amount of vertical displacement. The best stem among the eight was found to be Revision. The best stem shape for fatigue analysis under given loading was found to be Revision, made of Co-Cr-Mo (Figures 9-11) .
Safety factor distributions were given in Figures 12-14 when different materials were used. Critical safety factor values are usually seen in the medial of the stems and at the stem-cement interface. All of the analyses involving titanium alloy cases had the highest amount of displacements. This is because elastic modulus of Ti alloy is lower than that of Co-Cr-Mo and 316L.
CONCLUSIONS
Results obtained from the finite element analysis show that all stems investigated in this study are safe against fatigue failure. The best stem shapes in terms of fatigue life under given loading have been found to be Revision, Leinbach, and Artion. These stems had the highest safety factors. Revison was found to be about three times safer than MPP Plus. When the geometry of the implant is complex, high stresses will develop because of stress concentrations. The maximum stress was seen in MPP Plus. The location where the maximum stress occurred for all stems were on lateral side of the implant. This study shows that embedding level has an important role in fatigue life ( Table 6) fractures were seen experimentally at different load levels and cycles. According to the both experimental and finite element results when using Co-Cr-Mo as a material for MPP-6, MPP-8 or MPP Plus, there is no failure at 5 × 106 cycles. The minimum safety factor was observed in MPP Plus.
When the materials used for stems were compared in terms of fatigue life; the highest values were found in Co-Cr-Mo stems while the lowest values were seen in stems made of Ti6Al4V. The safety factors were found close to each other in Revision, Artion and Leinbach. Similarly, MPP-6, DDC 13-2 and MPP Plus were deter- mined to have safety factors close to each other. Stems which have higher safety factors were found to have smaller deflections and stresses. Analysis results showed that sorting stems from high to low safety factors is as Revision, Leinbach, Artion, MPP-8, MPP-6, DDC 13 -2, MPP Plus (collar) and MPP plus (Figures 9-11) . MPP Plus (collar) has the same stem size and cross section with MPP Plus.
The only difference between MPP Plus (collar) and MPP Plus is the collar in the proximal-medial region of the stem. This collar reduces the bending moment due the vertical loads acting on the stem and it allows the moment to be transferred directly to the distal femur. Additionally this provides an increase of approximately 13% in critical safety factor value and results higher fatigue life in working conditions. Consequently the stress shielding in the proxi-medial femoral bone will be reduced due to the increase in load values.
The current study has demonstrated that numerical fatigue analysis can be applied with confidence to support standard fatigue test. Hip stems can be designed with the aid of the finite element method before they are manufactured or implanted in the patient. Further studies could expand to understand of these complex loading and environments on the fatigue life of hip stems.
